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Reliably predicting the properties of hydrogen and its isotopes under extreme conditions remains a problem of great importance and broad scientific interest. Accurate knowledge of the equation of state (EOS) and transport properties over a wide range of thermodynamic conditions of this simplest and most-abundant element in the universe is used as input for planetary astrophysics models to describe interiors of planets 1 as well as the inertial confinement fusion (ICF) simulations to design targets. [2] [3] [4] The most-advanced theoretical and computational methods are used to interpret experimental results and to predict properties at thermodynamic conditions that are difficult to access experimentally.
On the other hand, new experimental measurements with improved accuracy 5, 6 serve as an important benchmark to assess the accuracy of theoretical predictions. It was found 6 that recent shock-compression data for deuterium are well described by finite-temperature density functional theory (DFT) methods. [7] [8] [9] Standard generalized gradient approximation (GGA) exchangecorrelation (XC) functionals such as Perdew-Burke-Ernzerhof (PBE) 10 describe the peak compression reasonably well, but at pressures above 250 GPa along the Hugoniot, the DFT calculations with the PBE functional predict a stiffer behavior than recent experimental data. 5 All current DFT calculations of the Hugoniot data and transport coefficients are performed with temperature-independent XC functionals developed for ground state; 4, 6, [11] [12] [13] [14] therefore, XC thermal effects, which play an important role in warm-densematter (WDM) conditions, 15 are not taken into account. The relative importance of explicit temperature dependence in the XC free-energy functional for the homogeneous electron gas measured as , , , f r t e r f r t e r log 10 xc s x c s s s xc s
. where f xc is the XC free-energy per particle given by the corrKSDT parameterization, 16, 17 e xc is the zero-temperature XC energy per particle, 18 and f s is the noninteracting free energy per particle. 19 r t 2 2 s m C = with m = (4/9r) 1/3 is the classical coupling parameter. The solid white line corresponds to the liquid deuterium principal Hugoniot path; the end point corresponds to P = 1 TPa.
focus on the study of the optical and transport properties along the principal Hugoniot of deuterium with a temperature-dependent Karasiev-Dufty-Trickey (KDT16) generalized gradient approximation XC functional. 16 Figure 2 compares our theoretical predictions and experimental results across the molecular-to-atomic (MA) transition (lowpressure range P < 150 GPa) (Ref. 6 ). Both functionals, KDT16 and PBE, are in good agreement with experimental measurements in the range of pressure up to 200 GPa. At higher pressures, however, the PBE curve becomes noticeably stiffer as compared to the recent experimental data; 5 the disagreement reaches about 4% at P = 550 GPa. The KDT16 predicts a curve that is softer by slightly more than 1% beyond 250 GPa as compared to PBE. Increasing the simulation cell size from 64 to 128 atoms in this range of pressure leads to further softening of the Hugoniot. The KDT16 compressibility is within the experimental uncertainty in the entire pressure range (including high pressures P > 250 GPa). Therefore, the inclusion of XC thermal effects in calculations makes the deuterium Hugoniot softer at P > 250 GPa and improves agreement with the experimental data; the KDT16 XC functional is able to describe the principal Hugoniot of liquid deuterium consistently over the entire pressure range. The reflectivity along the deuterium Hugoniot was calculated at 532 and 808 nm with the KDT16 XC functional and our predicted value of the refractive index. Results of recent experiments 20 on OMEGA and previous measurements 21 are shown in Fig. 3 . There is excellent agreement between the KDT16 values and experimental data at 808-nm wavelength for the range of shock speeds considered in calculations, even though the experimental data have relatively large error bars. The KDT16 results at 532 nm are in very good agreement with recent OMEGA experimental data for shock speeds below 50 km/s. The reflectivity is underestimated by the DFT calculations at high shock speeds U s > 50 km/s as compared to the experiment. Experimental reflectance as a function of shock speed changes the slope at U s near 45 km/s (T . 0.4 T F = 60 kK); this change in the slope is related to lifting of the Fermi degeneracy. The system starts to behave as a classical one at a significantly lower temperature as compared to T F (see details in Ref. 20) . Calculated KDT16 reflectivity at the same 532-nm wavelength rises very quickly from 0.29 at 16 km/s (T . 6 kK) to 0.39 at 20 km/s (T . 12 kK), which roughly corresponds to maximum compression near molecularto-atomic transition; it slowly continues to increase and near 43 km/s the slope also increases.
The deuterium system along the Hugoniot experiences transformations from an insulating molecular liquid to atomic poor metallic liquid and finally to nondegenerate classical plasma. The signature of the molecular-to-atomic transition is found in a sharp increase of electrical dc conductivity and reflectivity at shock speeds in the range between 16 and 20 km/s (a range of temperature Our results confirm that the crossover between the quantum and classical statistics occurs below the T = T F limit. This is apparent in the observed change in the transport and the thermodynamic properties of the deuterium fluid in the region of 0.4 to 0.65 T F . Future work should investigate the dependence of the onset of this crossover on density.
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